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Aortic Symposium 2010 AcherIt is not just assisted circulation, hypothermic arrest, or clamp
and sewCharles Acher, MDWe have surgically treated 771 patients for thoracic and thoracoabdominal aortic aneurysms since 1983. Our primary effort
has been to develop experimentally validated strategies to reduce paraplegia, renal failure, and mortality in these high-risk
patients. This approach has led to a spinal cord protection protocol that has reduced paraplegia risk by 80% (observed/
expected ratio¼ 0.19) with the use of cerebral spinal fluid drainage, moderate hypothermia (31C–33C), endorphin receptor
antagonist (naloxone), and thiopental burst suppression while optimizing mean arterial pressure (>90 mm Hg) and cardiac
index. The elective mortality rate is 2.80% (17% for acute patients), and with rapid renal cooling for renal protection,
only 0.88% required permanent dialysis. These results were achieved without the use of assisted circulation. We have
reattached intercostal arteries since 2005 using preoperative magnetic resonance angiographic localization, but it remains
unclear whether intercostal reimplantation reduces paraplegia risk, as we had initially proposed. We strongly believe that
a consistent anesthetic and postoperative care protocol uniformly built and applied around these principles greatly enhances
our surgical outcomes. We also show that improved outcomes with assisted circulation and hypothermic arrest in treatment of
thoracoabdominal aortic disease follow similar principles of spinal cord and end-organ protection. (J Thorac Cardiovasc Surg
2010;140:S136-41)The most important factors in protection of the spinal cord
during and after thoracic and thoracoabdominal aortic
replacement are perfusion, metabolism, and oxygen delivery
to the spinal cord during the vulnerable period of aortic
occlusion, when spinal cord blood flow is significantly
reduced,1,2 and after aortic replacement until the coaxial
collateral network is recruited to return resting blood flow
to near-normal levels.3 Spinal cord vulnerability during aor-
tic replacement has always been a story of collateral circula-
tion and protecting the spinal cord while the time-dependent
collateral blood flow accommodates. The failure of assisted
circulation (AC) and selective intercostal reimplantation by
themselves to reduce paraplegia risk experimentally and
clinically has frustrated surgeons because it is counterintui-
tive to the anatomic paradigm for spinal cord preservation
established by Adams and Van Geertruyden4 and adopted
by most surgeons for much of the last 60 years.5-8
Our approach to reducing paraplegia risk is based on the
experimental literature as a guide to implementing strategies
that were successful experimentally. To more accurately de-
scribe and understand our own results and those of others,
we also developed a predictive paraplegia formula from
which observed/expected (O/E) ratios could be calculated
instead of using percent paralysis, which can be misleading
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and accounted for 99% of the variability between reports
(Figure 1, A and B). With this model, we also demonstrated
that Crawford’s technique of repair and AC had similar O/E
ratios of approximately 1 if no protective adjuncts were used
(Figure 1, C).
Because the protective interventions we used were added
sequentially, we were able to evaluate their effect both
individually and cumulatively. From the beginning of our
program in 1983, we used steroids (30 mg/kg methylpred-
nisolone),10 optimized cardiac function and proximal perfu-
sion pressure (mean arterial pressure [MAP]>90 mm Hg),
and performed intercostal artery ligation to improve perfu-
sion pressure in the collateral bed during repair. In 1985,
we stopped using morphine, the most b-endorphin–like
analgesic, after witnessing rapid-onset paraplegia after
a postoperative dose of intravenous morphine.11-13
With the addition of spinal fluid drainage (SFD) in
1987, we saw a 55% decrease in the paralysis rate.14,15
In 1988, we added routine use of low-dose naloxone after
observing complete reversal of a profound deficit in a
patient with a ruptured thoracoabdominal aortic aneurysm
who had SFD. The addition of naloxone resulted in an
additional 30% decrease from baseline to an O/E ratio
of 0.15, which we reported in 1989.16-20 At the time,
our assumption was that the mechanisms of action were
control of spinal fluid pressure with SFD and endorphin
receptor blockade with naloxone. However, the naloxone
effect might be mediated by suppression of excitatory
neurotransmitters, and SFD might work by removing
substances toxic to ischemic neurons (ie, endorphins,
excitatory neurotransmitters, or other substances), thereby
acting on the same final injury pathway.21,22gery c December 2010
FIGURE 1. A, Scattergram of paraplegia rates in percentages in 49 reports
containing more than 5,000 patients. B, Ninety-nine percent of the variation
between these series is accounted for by our predictive model: (E¼ [0.1C1þ
0.2C2þ0.05C3þ0.02C4þ0.01TA]þ[0.3(acuteþdissection)]). Clinical re-
ports that appear to have different paralysis risk actually have the same risk
when one accounts for patient mix and clinical presentation. C, Assisted cir-
culation (AC) and Crawford’s technique of crossclamping (XCL) without as-
sisted circulation had similar observed/expected (O/E) ratios. SFD, Spinal
fluid drainage; HA, hypothermic arrest.
FIGURE 2. A plot of observed/expected (O/E) ratios for paraplegia over
time showing the effect of intervention. The incorporation of spinal fluid
drainage (SFD) reduced paraplegia risk by about half. Low-dose naloxone
decreased the O/E ratio an additional 30%, resulting in an 80% to 85%
overall reduction in paralysis risk. Intercostal reimplantation (IRP) in
high-risk patients has added an additional 7% to 10% decrease for about
a 90% reduction in paralysis risk overall.
FIGURE 3. Demographics of 771 patients treated for thoracic and thora-
coabdominal aneurysms. More than half the patients had Crawford type
1, 2, and 3 aneurysms, and 35%were acute with rupture, contained rupture,
dissection, trauma, or mycotic aneurysms.DHCA, Deep hypothermic circu-
latory arrest.
Acher Aortic Symposium 2010We added barbiturate burst suppression in 1989 coinci-
dent with the elimination of nitroprusside for blood
pressure control because of its negative effect on spinal
cord blood flow and organ perfusion.1,23,24 We alsoThe Journal of Thoracic and Cardbecame more aggressive with moderate hypothermia, and
by 1989, our protocol called for the core temperature to
be less than 34C before aortic occlusion; the core
temperature decreased to 32C to 33C, an additional
1.5C to 2C, with cold renal perfusion.25-28 Renal
protection was carried out with 300 to 400 mL of renal
perfusion solution (lactated Ringers with 12.5 g of
mannitol and 1,000 units of heparin/L at 4C) for rapid
renal cooling.
The most recent major protocol change was the addition
of intercostal reimplantation in 2005 because of the persis-
tence of delayed paraplegia when the patient’s condition
became unstable as a result of sepsis, hypoxemia, or myocar-
dial infarction or the patient became hypotensive as a result
of bleeding or other causes.We used magnetic resonance an-
giography to identify important intercostal arteries or choseiovascular Surgery c Volume 140, Number 6S S137
FIGURE 4. A plot of cardiac index (CI), a significant factor for paralysis
risk, shows a significant decrease with age, which might explain and con-
tribute to the increased paralysis risk with age.
TABLE 1. Results in 771 patients treated for thoracic and
thoracoabdominal aneurysms
Group No. O/E ratio % Deficit
%Mortality
(elective, acute)
All 738 0.18 3.8 7.3 (2.8–15.7)
2005þ (IRP) 261 0.11 2.3 3.8 (0.6–9.6)
HA 33 0.24 9.1 18.2 (0.0–33.3)
Hypothermic arrest (HA) was used when anatomy precluded aortic crossclamping and
resulted in higher mortality. Intercostal reimplantation (IRP) was started in 2005, as
was thoracic endovascular aortic repair, leading to lower paralysis risk and mortality.
O/E, Observed/expected.
Aortic Symposium 2010 Acherintercostal arteries to reimplant at surgery in high-risk pa-
tients if magnetic resonance angiography was not possible.
The results of that effort were reported in 2008 and showed
reduced paraplegia O/E ratios in the 143 patients studied to
0.05, a further 10% to 15% reduction from predicted value,
for an overall reduction of 95%.29 Since that report, the ben-
efit from intercostal reimplantation has been less obvious,
but O/E ratios have still been reduced from 0.18 overall to
0.11 in the last 261 patients (Figure 2).
Our results to date in treating 771 patients, 33 of whom
required hypothermic arrest (HA) for anatomic reasons,
are summarized in Figure 3 and Table 1. The most important
factors for increased paralysis risk, as determined by using
multivariate analysis, are still Crawford type 2 aneurysm,
dissection, and acute presentation, whereas our spinal cord
protection protocol (spinal fluid drainage with naloxone)
and increased cardiac index significantly preserve cord
function (Table 2).30 The effect of intercostal reimplantation
is most noticeable in patients with Crawford type 2 aneu-
rysms, with the O/E ratio decreasing from 0.34 to 0.18. In
multivariate modeling of paraplegia risk, cardiac index
trumps both age and acuity, but as age increases, cardiac
index decreases (Figure 4), which might explain why youn-
ger patients are at significantly less risk of paralysis with
aortic replacement (Table 3). The decrease in mortality
since 2005 in both elective and acute patients is most likely
explained by thoracic endovascular aortic repair use for
acute and elective thoracic aortic aneurysms and trauma.TABLE 2. Increased cardiac index and spinal fluid drainage with
naloxone were protective against paralysis
Variable Odds ratio P value
Crawford 2 (Y) 11.98 <.0001
SFDN (Y) 0.294 .0073
Cardiac index (per unit increase) 0.624 .0196
Acute (Y) 2.76 .0127
Dissection (Y) 3.79 .0024
Crawford 2 aneurysm, acute presentation, and the presence of dissection increase the
risk of paralysis. Factors of age and temperature, significant by means of univariate
analysis, were not as important as these factors, but when placed in a larger model
with these factors, cardiac index remained significant, whereas acuity did not.
SFDN, Spinal fluid drainage with naloxone.
S138 The Journal of Thoracic and Cardiovascular SurThe above description of the evolution of our treatment
protocols for intraoperative and postoperative care
(Figure 5), which have been based on the experimental
literature and on the concepts of perfusion, metabolism,
and oxygen delivery, demonstrates that paralysis risk
can be significantly reduced with experimentally validated
interventions.
There has also been a significant decrease in paraplegia
risk in other clinical reports of surgical intervention on the
thoracoabdominal aorta in the last 27 years, and this
decrease is defined by 2 distinct eras: before 1997 and after
1997 (Figure 6). The reasons for this decrease have not been
well defined in the reports themselves, and therefore we
evaluated the world literature using our predictive model
in an attempt to understand the causes of these improved
outcomes over time and between eras.31 We categorized pa-
tients by treatment technique of AC, HA, and crossclamping
without AC (XCL) and tracked outcomes over time. It was
clear from this analysis that most of the reduction in paraple-
gia occurred with the introduction of SFD, irrespective of
whether the technique was AC, HA, or XCL, and that the im-
provement was significant for all groups (Table 4). What
was also apparent was that O/E ratios for AC, HA, and
XCL without SFD did not change between eras, but O/ETABLE 3. Age and paraplegia and mortality risk
Group No. O/E ratio % Paralysis %Mortality
<60 y 153 0.06 1.4 0.7
>60 y 617 0.28 5.7 8.9
Younger patients have less risk for paralysis and mortality, but in a multivariate model
age is less significant than cardiac index (see Table 2), which might indicate that a good
pump (cardiac index) is important in collateral perfusion dynamics.O/E, Observed/ex-
pected.
gery c December 2010
FIGURE 6. A, A plot of the decrease in observed/expected (O/E) ratios for
paraplegia over time shows a significant decrease, which can be divided into
2 distinct eras, as shown in panel B. The improvements in era 2 are not es-
pecially well documented in the publications themselves.
TABLE 4. Technique of repair and paralysis risk
Group Total patients O/E ratio % Deficit P value
AC 1,386 1.03 15.4 <.0001
ACþSFD 5,773 0.24 4.3
XCL 4,485 0.91 13.9 .0013
XCLþSFD 1,384 0.23 4.1
HA 399 0.42 6.7 .0065
HAþSFD 463 0.15 2.8
Endo 531 1.04 4.3 .3174
EndoþSFD 456 0.56 3.9
The addition of spinal fluid drainage to assisted circulation, Crawford’s technique of
crossclamping with assisted circulation, and hypothermic arrest has significantly
reduced paralysis risk, which is also true for endovascular procedures. AC, Assisted
circulation; SFD, spinal fluid drainage; XCL, Crawford’s technique of crossclamping
with assisted circulation; HA, hypothermic arrest; Endo, endovascular procedure.
FIGURE 5. A, Our intraoperative management protocol is based on the
principles of optimizing perfusion (mean arterial pressure [MAP] and spinal
fluid pressure [SFP]), reducing metabolic demand (hypothermia, naloxone,
steroids, and thiopental), and optimizing oxygen delivery (oxygen satura-
tion, adequate volume, hematocrit, and cardiac index). LR, lactated Ringers;
FFP, fresh frozen plasma. B, Postoperatively, these same factors are in play,
and our protocols are designed to optimize these factors. SFD, Spinal fluid
drainage; BP, blood pressure.
Acher Aortic Symposium 2010ratios for AC plus SFD improved between eras 1 and 2. The
improvement in HA between eras was because of SFD (HA1
had no SFD, Table 5). The question then is why AC plus
SFD O/E ratios improved between eras. The reasons
for this improvement are somewhat obscure and are not
addressed directly in publications, but the most likely expla-
nation is that surgeons went from normothermic to hypo-
thermic AC and became more aggressive in maintaining
high mean perfusion pressure (>80 mm Hg) and controlling
spinal fluid pressure. In other words, surgeons learned how
to use AC in a way that was not deleterious to spinal cord
perfusion, metabolism, and oxygen delivery.
From our own experience and studying the experience of
others, it is apparent that the anatomic paradigm established
by Adams and Van Geertruyden4 in 1956 to explain paraple-
gia risk is not the dominant paradigm for preventing paraple-
gia. This has been brought into sharper focus by the results
of thoracic endovascular aortic repair and branched endog-
raft use, in which the anatomic paradigm for spinal cord cir-
culation is ignored and reliance on physiologic factors that
affect spinal cord perfusion (MAP and SFD), metabolism
(steroids, naloxone, and hypothermia), and oxygen delivery
(hemoglobin, MAP, oxygen saturation, and cardiac index)
are the only tools to prevent paralysis. It is also apparentThe Journal of Thoracic and Cardiovascular Surgery c Volume 140, Number 6S S139
TABLE 5. Paralysis risk by technique from ERA 1 to ERA 2
Group No. of patients O/E ratio % Paralysis P value
AC1þSFD 532 0.42 6.6 .182
AC2þSFD 5321 0.23 4.2
HA1 297 0.44 7.1 .0257
HA2þSFD 505 0.16 3.3
XCL1 1241 0.91 13.5 .8073
XCL2 230 0.92 14.3
AC1 4273 1.03 15.3 .5593
AC2 152 0.94 13.9
Although the addition of spinal fluid drainage significantly improved results, which
explains most of the improvement in paralysis risk between eras (see Figure 6, B),
assisted circulation with spinal fluid drainage showed improved observed/expected
ratios between eras 1 and 2, whereas assisted circulation and Crawford’s technique
of crossclamping with assisted circulation risk remained stable. The most likely factors
for improvement for assisted circulation (AC) plus spinal fluid drainage (SFD) across
eras was the transition from normothermic to hypothermic perfusion and an emphasis
on higher mean arterial pressures and perhaps more aggressive control of spinal fluid
pressures.O/E, Observed/expected; XCL, Crawford’s technique of crossclamping with
assisted circulation.
Aortic Symposium 2010 Acherthat patients treated with endografts are as vulnerable to
paraplegia as open patients when extensive aortic coverage
occurs and that this risk is predictable, as are the effects of
preventive interventions (Table 4).
It is also evident that there is a range of effectiveness
among treatment centers with applied strategies (Figure 7).
What this variation tells us is that it is not enough to go
through the motions of using hypothermia, control of spinal
fluid pressure, neurochemical manipulation, and optimiza-
tion of perfusion pressure and cardiac function but rather
that there must be treatment protocols that are followedFIGURE 7. A means plot of observed/expected (O/E) ratios by technique
of repair shows variation in outcomes using similar operative techniques.
This variation is not attributable to patient mix but appears to arise from
inconsistent application of protective strategies in centers without dedicated
surgical intervention and anesthetic teams who can apply protective
protocols consistently. ACþSFD, Assisted circulation þ spinal fluid
drainage; XCLþSFD, crossclampþ spinal fluid drainage; HA, hypothermic
arrest.
S140 The Journal of Thoracic and Cardiovascular Surconsistently to achieve optimal results. This requires a
team approach, with a dedicated group of surgeons and
anesthesiologists who understand the principles underlying
spinal cord ischemia and protection and apply spinal cord
protective protocols rigorously to each patient.References
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